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Energy transfer in plasmonic photocatalytic composites
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Among the many novel photocatalytic systems developed in very recent years, plasmonic photocatalytic composites possess great

potential for use in applications and are one of themost intensively investigated photocatalytic systems owing to their high solar energy

utilization efficiency. In these composites, the plasmonic nanoparticles (PNPs) efficiently absorb solar light through localized surface

plasmon resonance and convert it into energetic electrons and holes in the nearby semiconductor. This energy transfer from PNPs to

semiconductors plays a decisive role in the overall photocatalytic performance. Thus, the underlying physical mechanism is of great

scientific and technological importance and is one of the hottest topics in the area of plasmonic photocatalysts. In this review, we

examine the very recent advances in understanding the energy transfer process in plasmonic photocatalytic composites, describing

both the theoretical basis of this process and experimental demonstrations. The factors that affect the energy transfer efficiencies and

how to improve the efficiencies to yield better photocatalytic performance are also discussed. Furthermore, comparisons are made

between the various energy transfer processes, emphasizing their limitations/benefits for efficient operation of plasmonic

photocatalysts.
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INTRODUCTION

Since the report on water splitting over titanium dioxide (TiO2) by

Fujishima et al.1, semiconductor photocatalysts have received consid-

erable attention in the field of solar energy conversion andutilization2–4.

In conventional semiconductor photocatalysts, the semiconductor

absorbs light by inter-band excitation of electrons, which generates

electron–hole pairs. Then, the generated electrons and holes may be

transferred to the surface of the semiconductor, where they initiate

redox reactions. During the transfer process, the electrons and holes

may also recombine with each other, which have no effect on the

photocatalysis. Over the past 40 years, the main limitations of using

semiconductor photocatalysts, such as TiO2 and iron(III) oxide

(Fe2O3), for large-scale applications have been the short-range light

response, poor light absorption rate, and high recombination rate

of photogenerated carriers, which result in low solar energy conver-

sion efficiencies. Despite the considerable efforts to overcome these

deficiencies, including extrinsic and intrinsic doping5–10, sensitiza-

tion11–13, and surface treatment14–17, significant breakthroughs have

not yet been achieved.

In the recent efforts to develop photocatalytic materials, researchers

tended to develop novel photocatalytic systems, such as the plasmonic

photocatalyst18,19, ferroelectric photocatalyst20–23, and graphene-

based photocatalyst24,25, based on some basic physical principles.

The plasmonic photocatalyst generally exhibits wide range and very

efficient light absorption. Moreover, the exotic approach for generat-

ing electron–hole pairs often leads to a low carrier recombination rate.

Thus, it has the greatest potential for improving many of the intrinsic

limitations of conventional semiconductor photocatalysts13,26,27.

Following the development of the ‘plasmonic photocatalyst’ (Ag/

SiO2/TiO2
18 and Ag/AgCl19) in 2008, it has received substantial inter-

est, andmany plasmonic photocatalysts have been developed28–36. For

example, by depositing noble metal plasmonic nanoparticles (PNPs)

onto conventional semiconductor photocatalysts (e.g., TiO2, cad-

mium sulfide (CdS), and Fe2O3) in different ways37–53, researchers

have developed various plasmonic photocatalytic composites that

exhibit significantly enhanced photocatalytic activities. In these com-

posites, the PNPs efficiently absorb visible light through localized

surface plasmon resonance (LSPR) and convert it into holes and elec-

trons in the nearby semiconductors. Thanks to the intensive research

over the past century, the physics about the LSPR of PNPs is well

understood54,55. However, its role in plasmonic photocatalysts and

particularly in the energy transfer from PNPs to semiconductors

was mysterious when the system was developed. The LSPR-related

energy transfer is an essential step in the plasmonic photocatalytic

process, and it plays a vital role in determining the final photocatalytic

performance. Therefore, the details of the energy transfer are of great

scientific importance for understanding the excellent photocatalytic

performance; technologically, they can also provide fundamental

guidelines for optimizing the existing plasmonic systems and for

developing new ones. Over the past several years, considerable experi-

mental and theoretical efforts have been devoted to understanding this

question and rapid progress is still being made.

There aremany reviews in the literature on the applications and experi-

mental preparation of plasmonic photocatalysts27–34,56. However, to the

School of Physics, State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China
Correspondence: Y Dai, Email: daiy60@sdu.edu.cn

Received 24 April 2015; Revised 22 August 2015; Accepted 25 August 2015; accepted article preview online 28 August 2015

OPEN
Light: Science & Applications (2016) 5, e16017; doi:10.1038/lsa.2016.17
� 2016 CIOMP. All rights reserved 2047-7538/16

www.nature.com/lsa

www.nature.com/lsa


best of our knowledge, a systematic review on the energy transfer mech-

anism in plasmonic photocatalytic composites has not yet been pub-

lished. This work is thus aimed at filling this gap. It begins with a brief

introduction to the fundamental properties of the LSPRof PNPs,which is

necessary tounderstand the energy transfermechanism.Then,wepresent

detailed discussions about the three energy transfer processes proposed

thus far. These processes are the plasmon-induced hot electron injection,

plasmon-induced resonance energy transfer, and plasmon-induced radi-

ative energy transfer. In addition, in this review, we tentatively propose a

new energy transfer process, called plasmon-induced direct electron

injection. Finally, we end with a conclusion and an outlook on investi-

gating the energy transfer processes for optimizing the plasmonic photo-

catalytic activity.

FUNDAMENTAL PROPERTIES OF LSPR

The LSPR of PNPs can include many plasmon modes, such as the

dipole plasmon mode, quadrupole mode and considerably higher

plasmon modes55,57. For photocatalytic applications, the most rel-

evant mode is the dipole plasmon resonance. Therefore, in the present

review, LSPR primarily refers to the dipole plasmon mode, which

describes the collective oscillation of the conduction electrons in

PNPs in response to the incident light. Upon light irradiation, the

electric field will displace the conduction electrons relative to the

nuclei, inducing a large electric dipole. Simultaneously, a restoring

force arises because of the Coulomb attraction between electrons

and nuclei, which results in resonant oscillation of the conduction

electrons at a certain frequency. The LSPR generally occurs when

the PNPs are considerably smaller than the wavelength of the incident

light, as schematically illustrated in Figure 1.

The LSPR of PNPs can lead to very efficient absorption of light. For

example, the absorption cross section of LSPR can be several or even

tens of times greater than the physical cross section. As shown in

Figure 1, LSPR can induce a large electric dipole, which oscillates at

the same frequency as that of the electric field of the incident light30,55.

This electric dipole can result in an intense electric field near the PNP,

whose intensity can be tens to thousands of times greater than that of

incident light26,55,58. This is the so-called near-field enhancement phe-

nomenon. Because of the physical origin of near-field enhancement, it

decays quickly whenmoving away from the PNP and is thus limited to

the very vicinity of the PNP. As widely demonstrated, both the LSPR

wavelength and absorption efficiency can be easily tuned by changing

the sizes, shapes, compositions, and dielectric environments of

PNPs26,58–60. Moreover, both the intensity and distribution range of

the near-field change accordingly. These properties of LSPR can lead

to various energy transfer mechanisms from PNPs to semiconductors

and provide versatile means for tuning the efficiency of each energy

transfer process, which will be discussed in the following.

PLASMON-INDUCED HOT ELECTRON INJECTION FROM

PLASMONIC METAL TO SEMICONDUCTOR

The generation of hot electrons in PNPs has been studied for several

decades27,34. Here, the term ‘hot electron’ refers to electrons that are

not in thermodynamic equilibrium with the atoms in a material. As

introduced in the previous section, LSPR is characterized as the col-

lective coherent oscillation of the conduction electrons in PNPs.

Moreover, there exist two competitive ways for the dephasing of the

resonant oscillation, namely, radiative emission of photons and non-

radiative relaxation through electron–electron, electron–phonon,

electron–surface, or electron–adsorbate scattering (Figure 2a,

left)59,61–64. The hot electrons are generated during the non-radiative

relaxation process primarily through electron–electron scattering,

which results in intra- and inter-band excitation of the conduction

electrons (Figure 2a, right). Note that the intra- and inter-band trans-

ition requires an energy overlap between the LSPR frequency and the

transition energy. For Au, the threshold for the d to s inter-band

transition is approximately 2.4 eV, which corresponds to a wavelength

smaller than its LSPR wavelength at approximately 550 nm or longer
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Figure 1 Schematic illustration of LSPR for a plasmonic nanosphere. LSPR,

localized surface plasmon resonance.
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Figure 2 (a) LSPR can decay radiatively or non-radiatively. The radiative decay

emits photons. During the non-radiative decay, hot electrons may be generated

via intra- and inter-band excitation of the conduction electrons. (b) The energies

of hot electrons have a wide distribution range. (c) The hot electrons with large

energy can surmount the interface Schottky barrier, thus being injected into the

conduction band of the semiconductor. Figure reproduced with permission: Ref.

27, � 2014 NPG. LSPR, localized surface plasmon resonance; DOS, density of

states.
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wavelengths owing to the large dielectric constants of semiconductor

substrates or special shapes of PNPs26,53,65. Consequently, the genera-

tion of hot electrons occurs primarily through the intra-band transi-

tions in Au PNPs. In addition, the LSPR overlaps with intra-band

excitations in Ag, which is also beneficial for generating reasonably

high energy hot electrons. The energies of hot electrons have a wide

distribution range (Figure 2b). It has been reported that the energies of

hot electrons are approximately between 1 eVand 4 eV for Au and Ag

PNPs26,66. Such energetic hot electrons may migrate to the adjacent

semiconductor if their energies are larger than the Schottky barrier

(SB) at the interface between the metal and semiconductor (Figure 2c).

Moreover, although the energies of some hot electrons are not large

enough to surmount the SB, they may also be injected into the semi-

conductor through the tunneling effect, as proposed byMubeen et al.67

As we can see, this hot electron injection mechanism is very similar to

that of a dye-sensitized solar cell13,68,69.

Recently, the Atwater and Louie groups theoretically investigated

the generation of hot carriers from the decay of surface plasmon

polaritons (SPPs) on metal-dielectric interfaces70,71. They noted that

Au is beneficial for generating very hot holes rather than energetic

hot electrons because of the special electronic structures. However,

note that in their calculations, the energies of some modes of SPPs

were large enough to excite the d to s inter-band transitions. This is

often not true in the case of LSPR, whose energies are generally

too small to initiate the inter-band transitions. Furthermore, the

geometry effect of confined PNPs on promoting intra-band transi-

tions and thus forming hot electrons was also demonstrated by the

Atwater group70.

Experimentally, Zhao et al. first reported hints about plasmon-

induced hot electron injection fromAu/Ag to TiO2
72.When the incid-

ent light overlapped with the LSPR absorption of Au/Ag PNPs, they

observed an increase in the anodic photocurrent for a TiO2 film elec-

trode containing dispersed Au/Ag PNPs. A breakthroughwas achieved

in 2003, whenOhko et al. reported themulticolor photochromismof a

TiO2 film containing Ag PNPs (Figure 3a), which provides strong

evidence for the electron exchange between Ag and TiO2 upon light

irradiation73. Direct observation of the injection of hot electrons into

the conduction band of TiO2 was realized by Furube et al.74 Because

strong intra-band absorption in the infrared (IR) range can be

observed when electrons are injected into the conduction band of

TiO2
75, they used femtosecond-resolved IR probing to detect any

possible electron transfer from Au to TiO2. Indeed, IR absorption

was observed, and the ultrafast hot electron transfer fromAunanodots

to TiO2 was determined to be within 240 fs (Figure 3b and 3c).

Subsequently, many experiments have also demonstrated the injection

of hot electrons from PNPs to semiconductors, and different methods

have been developed to probe the electron transfer37,50,76–79. For

example, in a very recent study, using Ag1 from AgNO3 as electron

probe ions and sodium citrate as a positive charge scavenger, Li et al.

showed that Ag nanoparticles only form on the TiO2 shell when the
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Figure 3 Experimental verifications of the hot electron injection energy transfer. (a) Photochromism of TiO2 thin film dispersed with AgPNPs, which originates from the

electron exchange between Ag and TiO2. (b) IR absorption of Au/TiO2 in comparison with N3/TiO2 and Au/ZrO2. (c) Experimentally determined electron injection

process and timescale. (d) Probe reaction of Ag1, which is used to detect electrons. Figure reproduced with permission: a, Ref. 73,� 2003NPG; b, c, Ref. 74,�2007

ACS; d, Ref. 79, � 2015 Wiley-VCH. IR, infrared.
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Au/TiO2 is irradiated by light with the LSPR wavelength of Au, which

confirms the injection of hot electrons from Au to TiO2 (Figure 3d)
79.

As shown in Figure 2c, when ametal is brought into contact with an

n-type semiconductor, an interface SB is formed. For a high rate of hot

electron injection, the energies of the hot electrons must surpass the

barrier. Considerable efforts are thus expended to theoretically study

this dynamic process. For Au/TiO2, a moderate SB of approximately 1

eV is formed according to the Schottky–Mott theory30,80. Because the

energies of hot electrons typically range between 1 eV and 4 eV above

the Fermi level, the small SB makes efficient electron transfer from Au

to TiO2 energetically possible, which also renders Au/TiO2 a model

system for studying and utilizing the hot electron injection process.

Due to the suitable band alignments, hot electron injection has also

been observed in many other PNP-sensitized semiconductors, such as

Ag/TiO2, Au/ZnO, Au/WO3, and Au/CdS (Figure 4a)37,50,78,81.

However, a small SB does not necessarily ensure hot electron transfer.

For example, hot electron transfer has never been experimentally

observed in Au/Fe2O3, although the SB of Au/Fe2O3 is considerably

smaller than that of Au/TiO2
82. This result indicates that some

unknown factors may also determine the hot electron transfer in addi-

tion to the SB. In a recent theoretical study, Long et al. showed that

effective hybridization of the unoccupied states in the metal and semi-

conductor is very important for efficient injection of hot electrons

from the metal to semiconductor (Figure 4b and 4c)52.

The solar utilization efficiency through the hot electron injection is

generally very low. For example, Mubeen et al. elaborately devised an

autonomous plasmonic solar water splitter that consisted of gold

nanorods and a crystalline TiO2 layer, in which all of the electrons

and holes originate from the hot electron injection energy transfer

(Figure 5a)51. They showed that the solar to energy conversion effi-

ciency is only approximately 0.1%. For practical applications, this

conversion efficiency should be enhanced much further. Based on

the mechanism of hot electron injection, there are two important

factors that can affect the solar utilization efficiency, namely, the hot

electron generation efficiency (HEGE) and the hot electron injection

efficiency (HEIE). Here, HEGE refers to the efficiency of converting

LSPR into energetic hot electrons moving to the semiconductor. In

some samples, the PNPs are relatively large (e.g., larger than 40 nm),

which leads to a low HEGE primarily due to the prominent scattering

effect. Although the generation of hot electrons from the decay of

LSPR is very efficient in small PNPs, the portion of hot electrons

moving toward the semiconductor is still low provided that the

momentum-direction distribution of hot electrons is approximately

isotropic and that the PNPs are generally atop the semiconductor.

Over the past few years, researchers have found a number of ways to

improve the HEGE. Giugni et al. showed that the HEGE can be sig-

nificantly increased through adiabatic compression of SPPs in a nano-

cone of Au83. This is because the special structure can efficiently

transform the propagating wave of SPPs into a quasi-static local field

and then into hot electrons moving to the semiconductor (Figure 5b).

In fact, combining SPPs with a semiconductor photocatalyst can pro-

vide other means for enhancing the photocatalysis. For example, by

elaborately designing a hybrid structure of Au/Fe2O3, Li et al. showed

that the SPPs can significantly enhance the photocatalysis through

confining the light in Fe2O3 and thus increasing its light absorption

efficiency84. In a photodetection device composed of Au/Si, Knight et

al. showed that a photocurrent maximum is generated at the LSPR

peak wavelength (Figure 5c)85. This suggests that the HEGE is

enhanced when the LSPR absorption efficiency increases. The sur-

rounding medium also plays an important role in the HEGE. It was

shown that the 1 nm Ti metal interface between Au and Si is respons-

ible for producing 33% of the hot electrons, which can increase to

more than 50% for a thickness of 5 nm85.

For a specific plasmonic system, the composite structure also affects

the HEGE. As shown in Figure 6a, upper, when the PNP is atop a

semiconductor, only the hot electrons with momentum falling within

the small red shaded cone in the momentum space may be injected

into the semiconductor. This can be significantly improved if one

embeds the PNP into the semiconductor to some extent, as show in

Figure 6a, lower. Then, the hot electrons with momentum falling

within the large red-shaded cone may be injected into the semi-

conductor. Therefore, considerably higher photocatalytic activities

have been reported for the partially or fully embedded plasmonic

photocatalytic systems43,67,79,86–88. It has recently been proposed that

the Janus structure may promote the generation of hot electrons with

momentum mainly pointing toward the semiconductor, thus also
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increasing the HEGE48,89,90,91. In addition, for a free-electron metal,

the momentum-direction of generated hot electrons should mainly be

along the oscillation direction of LSPR according to momentum con-

servation. Therefore, any structures that facilitate oscillation of LSPR

along the interface normal to themetal-semiconductor composite will

primarily generate hot electrons that move to the semiconductor and

thus increase the HEGE.

Theoretically, the HEIE is generally described by a modified Fowler

equation83,86, which indicates that the HEIE decreases with increasing

SB or with decreasing hot electron energy relative to the SB. For

example, because the conduction bands of ZrO2/SiO2 lie much higher

in energy than that of TiO2, which results in a larger interface SB in Au/

ZrO2 and Au/SiO2, there is essentially no hot electron injection in

these systems74,85. Li et al. also recently demonstrated the effect of

hot electron energy relative to the SB on the HEIE by comparing the

hot electron transfer properties in Au-TiO2 and CdS-Au-TiO2
92. For a

specific metal-semiconductor system, the interface SB depends

strongly on the interfacial chemical and electronic structures91,93–95.

This provides plenty of room to optimize the interface SB for improv-

ing HEIE. For instance, Tamura et al. recently demonstrated that the

interface SB of Pt/TiO2 is strongly affected by the interface oxygen

deficiency95. They showed that the interface contact type can be chan-

ged from a Schottky- to Ohmic-type contact by varying the interface

oxygen deficiency (Figure 6b). Our group also demonstrated that

the replacement of O by Au atoms at the Au/TiO2 interface can

increase the interface SB (Figure 6c)91. In addition, because hot

electrons lose energy very quickly through electron–electron or elec-

tron–phonon scattering, it is better to achieve ultrafast hot electron

extraction for improving theHEIE. This factor has been highlighted in

recent reviews27,34,96. Thus, we do not discuss it in detail.

Although the hot electron injection energy transfer process can

generate electron–hole pairs using visible or even IR light, which

increases the solar energy utilization, there are many limitations on

this energy transfer process for photocatalytic applications. As shown

above, this energy transfer process requires proper band alignments

and efficient electronic coupling between PNPs and the semi-

conductor to ensure an efficient HEIE. Thus, direct contact between

PNPs and the semiconductor is required. Consequently, some plas-

monic metals such as Ag and Cu, which are easily degraded, are not

applicable for supporting this energy transfer process.Moreover, upon

the injection of hot electrons, a large amount of hot holes are left in the

PNPs. These holes must be immediately compensated to retain a
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sustainable LSPR. Therefore, an electron donor or hole-transporting

material should be in contact with the PNPs. This is the so-called

charge balance requirement27. These requirements of band alignment,

electronic coupling and charge balance can impose strict limitations

on the selection of materials for preparing efficient plasmonic photo-

catalysts. In addition, to prevent the injected hot electrons from flow-

ing readily back into the PNPs, upward band bending in the

semiconductor is required (Figure 2c). This means that only n-type

semiconductors are preferred. Very recently, Lin et al. demonstrated

that under UV-Vis light irradiation, the injection of hot electrons from

Au to TiO2 shortens the lifetime of electrons generated upon UV light

irradiation in TiO2
97. This result indicates that the hot electron injec-

tion may also have a negative effect on the intrinsic photocatalytic

activity of conventional photocatalysts.

PLASMON-INDUCED DIRECT ELECTRON INJECTION FROM

PLASMONIC METAL TO SEMICONDUCTOR

When the dimension of PNPs is comparable to or smaller than the

electronic mean free path and there are adsorbates on the PNPs, another

ultrafast dephasing channel for LSPR, knownas chemical interface damp-

ing, may dominate. In this dephasing channel, the interaction of LSPR

with adsorbates induces dephasing through the direct excitation of res-

onant electrons into the unoccupied states of adsorbates98,99. Note that in

this process, energy conservation has to be satisfied, that is, the energy of

the unoccupied states of adsorbates relative to the Fermi level of the

plasmonic metal must overlap with the LSPR energy. This direct electron

injection to adsorbates has been widely demonstrated in atoms or small

molecules adsorbed PNP systems100–102, for which an excellent review by

Christopher et al. was recently published103. Similarly, it is highly

expected that this mechanism also exists in plasmonic photocatalytic

composites. Experientially, it has been suggested to exist in Ag/SiO2
99.

Compared with the hot electron injection mechanism, this is a

potentially more efficient mechanism that overcomes themomentum,

energy, and time scale requirements of hot electron transfer. However,

for this energy transfer mechanism to efficiently contribute to the

photocatalytic activity of plasmonic metal-semiconductor compo-

sites, the interfacial unoccupied states to which the resonant electrons

are excited must lie higher in energy than the conduction band of the

semiconductor far from the interface to facilitate the transfer of

injected electrons out of the interfacial region where they cannot ini-

tiate redox reactions (see Figure 7). At present, the interfacial elec-

tronic structures between PNPs and semiconductors are poorly

understood. There are also few experimental reports in the literature

about this plasmon-induced direct electron injection. Therefore, if

and how this direct electron injection mechanism functions in the

plasmonic composite require further studies in the future.

PLASMON-INDUCED RESONANCE ENERGY TRANSFER

Among researchers studying plasmonic photocatalysts, two different

terms are generally used to refer to the plasmon-induced resonance

energy transfer. Here, we discuss them separately.
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ENERGY TRANSFER THROUGH NEAR-FIELD ENHANCEMENT

The optical absorption mechanism of a semiconductor is generally

described by Fermi’s golden rule in the electric dipole approximation

as follows58,104:

w0
k?m~(2pe2=B)E2

0 jpmk j2d(Em{Ek{Bv)

where E2
0 is the intensity of the electric field of incident light, jpmkj is

the momentum matrix element in the semiconductor, and Ek and Em
are the energies of the initial and final states in the electron transition,

respectively. As shown, the absorbance increases linearly with the

intensity of the perturbation electric field. In the section

‘Fundamental Properties of LSPR’, we indicated that the plasmonic

dipole can induce near-field enhancement. Electromagnetic simula-

tions using the finite-difference time-domain (FDTD) or discrete

dipole approximation (DDA) method revealed that the intensity of

the plasmon-induced near-field can reach tens to thousands of times

that of the incident light26,55,58. Thus, the near-field can significantly

enhance the inter-band or other optical transitions in the nearby

semiconductor if the LSPR spectra overlap with them. The full

enhancement (FE) of light absorption can be estimated using the

following equation:

FE~

Ð
V
dz

Ð
dxdy E(x, y, z)j j2

Ð
V
dz

Ð
dxdy E0j j2

where the integrating volume V refers to the volume in the semi-

conductor covered by the near-field. E(x,y,z) is the value of the

near-field at point (x,y,z), and E0 is the electric field of incident light.

This energy transfer through near-field enhancement is easy to under-

stand and has been widely demonstrated experimentally18,45,46,58,65,

for which some exhaustive reviews are available26,32,96. Here, we do not

discuss them in detail.

ENERGY TRANSFER THROUGH DIPOLE–DIPOLE COUPLING

Another term for the plasmonic resonance energy transfer was pro-

posed by Cushing et al. in 2012104. From their perspective, the plas-

monic resonance excites electron–hole pairs in the semiconductor by

coupling of the large plasmonic dipole to the electron–hole pair dipole

in the semiconductor. This picture is very similar to the F—rster

resonance energy transfer, in which the fluorescent donor is replaced

by the plasmonic dipole105. In their original work, core-shell

Au@Cu2O and sandwiched Au@SiO2@Cu2O particles were elabo-

rately prepared to isolate the various plasmonic energy transfer pro-

cesses. Because of the insertion of an insulating silica layer in

Au@SiO2@Cu2O, the related electron injection energy transfer is ruled

out. As shown in Figure 8a and 8b, the photocatalytic action spectra of

Au@Cu2O and Au@SiO2@Cu2O follow the trend of the extinction

spectra of the corresponding systems. Thus, the involvement of

LSPR in creating electron–hole pairs is verified. Moreover, the results

of transient-absorption spectroscopy show that the number of carriers

generated in Cu2O obeys the dipole–dipole interaction rules

(Figure 8c and 8d). Therefore, they proposed that the energy transfer

occurs through dipole–dipole coupling.

This energy transfer mechanism is based on the following physics. As

introduced above, the interaction of the semiconductor with an electro-

magnetic field is described in the electric dipole approximation. From the

semi-classical perturbation theory, the interaction Hamiltonian between

a dipole m! and electric field E
!

can be expressed as H
0
~{ m! . E

!106.

Replacing E
!

with the electric field induced by the plasmonic dipole, the

perturbation Hamiltonian H
0
becomes the dipole–dipole interaction

termHAB~
mAmB
r3

(3(m̂A . r̂)(m̂B . r̂){(m̂A . m̂B)), where mA and mB refer

to the plasmonic and electron–hole pair dipoles, respectively. Then, one

can obtain the transition probability using Fermi’s golden rule:

wAB~
2p

�h2
HABj j2(d(EA{EB{�hv)zd(EA{EBz�hv))

Based on some approximations and simplification, Cushing et al. showed

that the full enhancement in the light absorption of a semiconductor can

be approximately 10 000 for their Au@Cu2O samples. This large increase

in light absorption can significantly enhance the solar utilization effi-

ciency. Since this mechanism was proposed, it has been widely used to

explain experimentally obtained results29,40,47,49,107,108.

As can be seen, the two viewpoints are identical and are based on the

same physical principle that the plasmonic dipole is coupled with the

electron–hole pair dipole in the semiconductor through the near field

it induced. In the first viewpoint, the near field induced by the plas-

monic dipole is often explicitly calculated using the FDTD or DDA

method. In contrast, in the second viewpoint, the near field is impli-

citly expressed by a formula.

Based on the plasmon-induced resonance energy transfer mechanism,

there are three important factors that can affect the energy transfer effi-

ciency: the overlap between LSPR absorption and optical transitions in

the semiconductor, the intensity of the enhanced near-field and the

volume in the nearby semiconductor that the enhanced near-field can

cover. Generally, the optical transition of a semiconductor can be tuned

by selective doping with intrinsic or extrinsic dopants, which has been

widely studied and reviewed over the past decades5–9. Here, we focus

mainly on tuning the properties related to LSPR. Both experimental

and theoretical results have shown that the three factors are generally

correlated with each other55,58,60. Using Ag@AgCl as a model system,

we showed that the LSPR absorption can be easily tuned to cover the

entire visible light range by varying the size, shape, and dielectric envir-

onment of Ag PNPs (Figure 9). Moreover, both the intensity and distri-

bution range of the enhanced near-field change accordingly58. In

Figure 10, the characteristics of the near-field around Ag nanorods with

different aspect ratios are shown. Overall, both the intensity and distri-

bution range of the near-field increase with the LSPR absorption effi-

ciency. In addition, compared with the transverse mode, the longitudinal

plasmon mode of silver nanorods is more effective in extending LSPR

absorption and increasing the intensity and distribution range of the near

Semiconductor

EfPNP

CID

d states

Interfacial
states

Conduction band

Valence band

Figure 7 Schematic illustration of direct electron injection from a PNP to a

semiconductor via CID. PNP, plasmonic nanoparticle; CID, chemical interface

damping.
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field. In a recent study, Near et al. showed that there is a modified linear

relationship between the wavelength of the longitudinal LSPRmode and

the aspect ratio of Au nanorods. Moreover, the relationship between the

Au nanorod diameter and extinction intensity is linear within a specific

aspect ratio109. Similar linear relationships are also found for Ag nanor-

ods110. These results can allow for the facile determination of the dimen-

sions of nanorods necessary to generate the desired LSPR characteristics.

Given the benefits of Au nanorods in this energy transfer process, Liu

et al. experimentally prepared gold-nanorod-photosensitized TiO2
53.

They showed that broadbandvisible light absorption canbe easily realized

by varying the aspect ratio of Au nanorods. Moreover, the enhancement

of activity induced by the longitudinal plasmon mode is indeed larger

than that induced by the transverse mode. Li et al. recently reported the

preparation of Au nanorod@TiO2 yolk-shell nanostructures79.

Significantly enhanced photocatalytic activity was obtained. Given the

ability to convert low energy light at a specific wavelength by tuning

the aspect ratio of Aunanorods, they proposed the potential for designing

photocatalysts with specific light harvesting. In addition, many other Au/

Ag nanorod-sensitized semiconductor photocatalysts have also been

reported with enhanced photocatalytic performance39,87,88,111,112.

The benefits of plasmon-induced resonance energy transfer for

improving the photocatalytic activities of traditional semiconductor

photocatalysts include the following: (i) increasing the rate of elec-

tron–hole formation in the regions of semiconductor covered by the

near field, and (ii) localizing the generation of electron–hole pairs

mostly near the surface of semiconductor; therefore, the recombina-

tion during their migration can be significantly decreased. The benefit

of (ii) is particularly important for materials that suffer from severe

bulk recombination of carriers, such as Fe2O3. It has been demon-

strated that Au/Fe2O3 exhibits significantly enhanced solar to fuel

energy conversion efficiency46. Additionally, in comparison with the

hot electron injection energy transfer, this energy transfer is not con-

strained by the requirements of band alignment, electronic coupling

and charge balance, thus offering more flexibility in the selection of

materials for photocatalytic applications.

PLASMON-INDUCED RADIATIVE ENERGY TRANSFER

As introduced above, the LSPR of PNPs can also decay radiatively. The

emitted photons may be absorbed by the nearby semiconductor, gen-

erating electron–hole pairs, if their energies are large enough. This
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energy transfer process was indirectly demonstrated by Kumar et al.113

They observed that when the SiO2 layer between Ag and TiO2 is thick

enough that the other plasmonic enhancement effects are well ruled

out, the photocatalytic activity is still enhanced. The only explanation

is thus the plasmon-induced radiative energy transfer. At the early

stage of development of plasmonic photocatalysts, this energy transfer

mechanism was proposed to explain the experimental results26,42,114.

However, an increasing number of studies have shown that the con-

tribution of this energy transfer process is very limited. In particular,

the radiative efficiency is very low when the PNPs are small57,115,116.

Dulkeith et al.116 showed that the luminescence quantum yield of Au

nanospheres in the range of 2–35 nm is only on the order of 1026.

Because plasmonic metal interacts with the semiconductor through

the electromagnetic field it induced, Cushing et al. used a full quantum

electrodynamics theory to treat this interaction process and concluded

that the radiative contribution is virtually negligible104.

In contrast, the radiative decay typically dominates in large PNPs.

For example, when the size of Ag PNPs exceeds 40 nm, the radiative

decay becomes dominant57. Nevertheless, it has been shown that the

radiative energy transfer contributes only less than 25% to the

enhancement of the photocatalytic performance30,113,117. This is prob-

ably because the structures of the plasmonic composites are generally

irregular, which cannot effectively utilize the scattering effect. In the

field of photovoltaics, however, it has been widely demonstrated that

the prominent scattering effect of relatively large PNPs can efficiently

trap light in the semiconductor layer in elaborately designed solar

cells118, as schematically shown in Figure 11. This light trapping can

significantly increase the effective optical path length in the semi-

conductor and thus the light absorption efficiency. Similarly, one

may potentially obtain the best radiative energy transfer in plasmonic

photocatalysis by optimizing the hybrid structures of plasmonic

photocatalysts. This may be more easily realized in the photoelectrode

of photoelectrochemical cells because of the relatively easy control of

the microstructures.

CONCLUSION AND OUTLOOK

The unique energy transfer from PNPs to conventional semi-

conductor photocatalysts is one of the most prominent characteristics

of plasmonic photocatalysts. This specialty has established a new para-

digm in the harvesting of solar energy for photocatalytic applications.

This work reviews and discusses the three energy transfer processes

proposed in previous studies. In general, the primary energy transfer

processes are plasmon-induced hot electron injection and resonance

energy transfer, while plasmon-induced radiative energy transfer is

very limited at present. The specific structure of the plasmonic photo-

catalytic composite can affect both the generation and injection

efficiencies of hot electrons, thus determining the energy transfer

efficiency based on the plasmon-induced hot electron injection
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process. The plasmon-induced resonance energy transfer depends on

the near-field enhancement and the overlap between the LSPR absorp-

tion and the optical transitions in semiconductors. In addition, this

energy transfer process localizes the generation of electron–hole pairs

mainly near the PNPs, which significantly decreases the carrier recom-

bination rate. On the other hand, for the hot electron injection process

to occur, many requirements, such as proper band alignment and

electronic coupling between the metal and semiconductor and charge

balance during photocatalysis, should be satisfied. This imposes strict

limitations on the selection of materials for preparing efficient plas-

monic photocatalysts. In contrast, the plasmon-induced resonance

energy transfer is not constrained by such requirements. With a better

understanding of the energy transfer mechanisms, considerably more

efficient plasmonic photocatalytic systems may be intentionally

devised, whichwould ultimately enable the industrialization and com-

mercialization of photocatalytic technology.

As a relatively new and burgeoning filed, one can anticipate that new

understanding of the physical processes underlying the energy transfer

processes will be achieved and that new energy transfer processes may

also be proposed. Here, we present an outlook on their development in

the near future:

(1) For hot electron injection energy transfer, many factors that

affect the generation of hot electrons have been experimentally

revealed, including the size, shape, and dielectric environment of

PNPs. However, the underlying physics is not well understood.

Recently, Govorov et al. developed a series of theories for the

dynamic response of typical plasmonic NPs, which can be used

to study the generation of hot electrons119–122. It is expected that
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the widespread applications of these theories will not only pro-

vide a deeper understanding of the factors that affect the genera-

tion of hot electrons but also reveal new ones. Additionally, the

interface SB is often estimated in the Schottky–Mott limit, which

is generally too simple to provide the correct band alignment

between the metal and semiconductor. Moreover, the interface

chemical and electronic structures often affect the interface SB.

Therefore, systemic investigations of the band alignments

between plasmonic metals and semiconductors are expected

for understanding and optimizing the relevant experimental

results. In this respect, first principle studies may contribute

substantial information91,93–95.

(2) Here, we tentatively propose the potential of direct electron

injection from PNPs to semiconductors. However, the detailed

interfacial electronic structures require further study to confirm

whether this can be an effective energy transfer process in plas-

monic photocatalytic composites.

(3) For plasmon-induced resonance energy transfer, there are still

different viewpoints. For example, Zhang et al. named this plas-

mon-induced resonance energy transfer the LSPR-powered

bandgap breaking effect30. In their picture, the electron collisions

at the metal-semiconductor interface excite electrons from the

valence band of the semiconductor to the conduction band, thus

generating electron–hole pairs. In our opinion, this way of gen-

erating electron–hole pairs may indeed occur at the interface,

which arises from the non-radiative decay of LSPR and does not

contradict the plasmon-induced resonance energy transfer.

Instead, it may be regarded as a new energy transfer process.

Furthermore, this energy transfer may occur only if the plasmo-

nic metal and semiconductor are in direct contact. In many

reports in the literature, the plasmon-induced resonance energy

transfer is often also regarded as the near-field enhancement

mechanism. This generally confuses new researchers in this field.

When reviewing the literature, it is important to note that they

are actually identical.
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